A B S T R A C T The interconversion and extraction of testosterone and androstenedione across and within different tissues or areas have been studied by the constant infusion technique. The results were calculated using the 8H/"C ratios and radioactive concentrations of testosterone and androstenedione obtained from afferent and efferent blood and tissues at equilibrium. In each tissue studied, the interconversion between testosterone and androstenedione inside the tissue was significantly higher than the corresponding interconversion across the tissue. The pulmonary contribution to the total interconversion between testosterone and androstenedione was far more important than that of any of the other tissues studied. The hepatic metabolic clearance rates of testosterone and androstenedione were not different from their metabolic clearance rates in the mesenteric area. The extraction of each of these compounds, although not negligible, was lower in the kidney and the femoral bed compared with the extraction in the liver and the mesenteric area. Finally, with the possible exception of the liver, testosterone and androstenedione were more completely metabolized when they originated from the cells than from afferent blood.
INTRODUCTION
In recent years, many problems related to the secretion and metabolism of androgens, principally testosterone (T) and androstenedione (A) have been studied and partly elucidated (1) (2) (3) (4) (5) (6) (7) (8) (9) . For these two steroids, blood production rates, contribution of other precursors to blood production rates, and their metabolic clearance A portion of this work was presented at the International Congress on Hormonal Steroids, Milan, 1966. Received for publication 15 April 1969. rates are well documented (2, 5, 7, 8, 10) . It has also been clearly demonstrated (5) that, in the normal female, 60% of the circulating testosterone is derived from androstenedione by peripheral conversion. Many aspects, however, such as the anatomical sites of their interconversion and metabolism are uncertain. In a study of the role of the splanchnic organs in the metabolism of T and A, Horton and Tait (5) have indirectly calculated that the conversion of A to T was mostly extrasplanchnic. However, their calculations depend on four assumptions which have not yet been completely verified experimentally. Thus, it is difficult to evaluate to what extent their calculations will be influenced if their assumptions are not completely applicable. Using a more direct approach, Rivarola, Singleton, and Migeon (9) have also found that the interconversion between T and A was mostly extrasplanchnic.
What also remains to be elucidated are the tissue metabolic clearance rates of T and A and their relative contribution to the total metabolic clearance rates. In humans, Rivarola et al. (9) did not find any extraction of T and A by the renal tissue. However, in the splanchnic system, 44% of T and 83% of A were extracted after one passage.
On the other hand, several tissues (as studied in vitro) can interconvert and, in some cases, metabolize testosterone and androstenedione, as shown for the muscle (11) , the skin (12, 13) , the prostate (14) , the kidney (15, 16) , and the digestive tract (17) .
To study these different aspects, we have designed experiments which allow us to measure the interconversion between T and A and their extraction across different tissues or areas. The relative contribution of each of these tissues to the total interconversion between T and A and their metabolic clearance rates have also been calculated. cyclohexane, and hexane were all of spectral qualityI and used without further purification. Methanol was redistilled twice. Ethanol was purified over m-phenylenediamine dihydrochloride and redistilled four times.
Chromatography. Chromatography paper was washed with redistilled methanol in a Friedrichs condenser' for 12 hr. Eastman chromatogram sheets, type K-301R2, coated with silica gel1 were used for thin-layer chromatography. The plates were heated to 100'C for 1 hr and stored in a desiccator before use. Chromatographic systems used in this work are described later in the text. Gas-liquid chromatography was done on a gas chromatograph, Packard model 871, at 240'C, on a Chromosorb-2 (80-120 mesh) column, coated with 3%o SE-30.
Labeled steroids. Androstenedione-1,2-'H (50 mc/ mmole) and testosterone-4-J4C (58 mc/mmole) were obtained commercially from New England Nuclear Corp., Boston, Mass. These stock solutions were evaporated under nitrogen, diluted with purified ethanol, and stored at 0C. To test for purity of the labeled steroids, a portion of each was added to 300 ,ug of authentic steroid' and the mixture was carried through three successive chromatographies (systems 4, 5, and 2, see text). The specific activity was estimated before and after each chromatography by measuring the mass of steroid by absorption at 240 m~uin ethanol, or by gas chromatography, and the radioactivity was assayed by liquid scintillation spectrometry. The specific activity remained constant for each steroid.
Measurement of radioactivity. Each sample was transferred to a counting vial with absolute ethanol, dried, and counted in 10 ml of toluene containing 0.4% 2,5-diphenyloxazole and 0.005% 1,4-bis-2-(5-phenyloxazolyl) benzene, using a Samipling of blood and tissue. At the beginning of each experiment, Teflon catheters were placed into the femoral artery and vein. During the first 30 min of the infusion, a laparotomy was performed and polyethylene catheters were introduced into the portal and renal veins, as described by Herd and Barger (19) in order to avoid disturbance of tissue blood flow. In each instance, the left spermatic vein was ligatured. At the end of the perfusion period, blood samples were withdrawn through these catheters (Table  III) . Blood from the right heart was taken by means of a catheter introduced into the right ventricle through a jugular vein. The hepatic vein sample was withdrawn through a Teflon catheter placed into the inferior vena cava up to the level of the hepatic veins. Immediately before sampling the blood, the inferior vena cava was tightly ligatured below and above the hepatic veins; the first 5 ml of blood were discarded. All blood samples were withdrawn into 50 ml heparinized syringes and immediately transferred into an Erlenmeyer flask containing 300 ,ug of authentic T and A and 100 ml of 50% methanol in order to stop any further metabolism of T and A by the blood (20) . Immediately after, different tissues were taken, washed under running water, and rapidly homogenized in 35% methanol with a Virtis homogenizer.' Purification of samples. Each blood and tissue sample was further diluted to a final concentration of 33%o methanol and dialyzed four times against 40% methanol (21) . The dialysates, after the evaporation of methanol, were extracted three times with equal volumes of chloroform. The aqueous phase was then adjusted to pH 4.5 with hydrochloric acid and incubated at 370C for 24 hr with p-glucuronidase enzyme' (300 U/ml); after the addition of 100 /Ag of authentic testosterone, the mixture was extracted three times with equal volumes of chloroform. The free and conjugated steroid extracts were purified separately in the following manner:
(a) paper chromatography in system 3 (ligroin: methanol: water, 10: 9: 1, at room temperature) (b) paper chromatography in system 4 (methylcyclohex- 3 'H concentration in DPM/100 ml of whole blood corrected for losses.
114C concentration in DPM/100 ml of whole blood corrected for losses.
Mother liquor.
After each purification step, the recovery of added carrier was measured by absorption at 240 mz in ethanol and by gas chromatography as previously described, and radioactivity was estimated by liquid scintillation spectrometry. Over-all recoveries of authentic T and A added to whole blood varied between 30% and 50%. All radioactive concentrations are expressed in dpm per 100 ml of whole blood and are corrected for procedural losses.
A typical example (results from dog 1-4, Tables II and III. Calculations and definition of terms. Metabolic clearance rates were calculated as described by Tait (25) , blood transfer constants as described by Gurpide, Mann, and Lieberman (26) (see Appendix), and transfer constants through each organ were determined according to formulas (see Appendix) derived by Gurpide', using the model shown in Fig. 1 (Table IV) . The metabolic clearance rate of testosterone (MCRT) was 1502 ±113 (SE) liters/day (13 subjects). There was no significant difference between male and female dogs. The metabolic clearance rate of androstenedione (MCRA) was also identical in male and female dogs; mean value of 1741 +-140 (SE) liters/day (13 subjects). Furthermore, there appears to be no significant difference between the metabolic clearance rates of T and A in dogs (P > 0.05, t test).
Blood transfer constants (Table IV) . The blood transfer constants yTBB and TBB)
are calculated from the 3H/14C ratios of the infused mixture and of the androstenedione and testosterone isolated from the arterial blood (26 (Table V) . 'H/14C ratios and radioactive concentrations of T and A, used in the equations as hepatic arterial values, were calculated assuming that, in the anesthetized dog, 80% of the blood entering the liver comes from the portal vein and 20% from the hepatic arteries (27) . The The hepatic metabolic clearance rates were corrected for the fact that 80% of the liver blood flow, corresponding to the portal blood flow, has already crossed the mesenteric area which extracts 42% and 51% of the arterial testosterone and androstenedione. The hepatic MCRT is higher than the hepatic MCRA (P < 0.01). In the kidneys and mesenteric area, MCRT is not significantly different from MCRA (P > 0.3 in both tissues). In the femoral bed, MCR' is higher than MCRT (P < 0.02).
The hepatic MCRT is not significantly different from the mesenteric MCRT (P > 0.2). However, the testosterone metabolic clearance rates in the liver and in the mesenteric area are significantly higher than MCRT in the renal and femoral bed (P < 0.01 in each case). The hepatic MCRT is not significantly different from the sum of the MCRT in the mesenteric area, kidneys, and posterior limbs (P > 0.3).
The hepatic and mesenteric MCRA are not different (P > 0.8), but are definitely higher than the renal and femoral MCR' (P < 0.05 in each instance). Also the renal MCRA is not different from the femoral MCRA (P > 0.8). The sum of the MCRA in the mesenteric area, kidneys, and posterior limbs appears higher than the hepatic MCRA but the difference is not significant (P > 0.1).
Contribution of each tissue to the total conversion between T and A (Table VI) . To evaluate the relative contribution of each tissue to the total interconversion between T and A, each transtissue transfer constant was compared with the total blood transfer constant between T and A, using the formula shown in the second footnote (T) of Table VI. The pulmonary contribution to the total interconversion between T and A is far more important than any of the other tissues studied, while the renal contribution to the total interconversion between T and A was slightly higher than the contribution of the mesenteric area and posterior limbs (P < 0.05), but is not different from the hepatic contribution (P > 0.1). SH/14C ratios in testosterone glucuronide. In six sub-studied, the 'H/"C ratios of the renal TG was 2, 2.5, and jects, the 'H/"C ratios of arterial testosterone glucuro-3 times higher than the corresponding ratios in arterial nide (TG) were all significantly higher than those ob-TG and the aH/C4G ratios of mesenteric TG, 1.8, 2.0, and served in the corresponding arterial free testosterone, 2.1 times higher than the ratios in arterial TG, indiindicating that testosterone glucuronide is not uniquely cating that testosterone was conjugated in the renal and derived from blood free testosterone. In three subjects mesenteric cells. Furthermore, the 'H/14C ratios of renal TG was 25% higher than the ratios of the free renal testosterone, indicating that in the renal cells TG did not originate uniquely from free T.
DISCUSSION
In these experiments, it should be pointed out that the transfer constants across or inside each tissue are quite variable in the dogs studied and several important points should be mentioned to explain these apparent discrepancies: (a) Differences in metabolism could exist from dog to dog, apart from the other following factors. (b) In spite of an extensive purification of the plasma steroids, the variations in the blood concentrations of labeled T and A were +10% in some cases. In these instances, the errors in the calculated results could be appreciable. (c) In acute experiments on anesthetized dogs, the blood flow across any tissue can vary (31) , and furthermore, anaesthesia can alter certain functions, particularly those of the liver. Theoretically, our catheters should not influence tissue blood flows (19) Rivarola et al. (9) have reported that in humans not more than 28% of the total conversion of blood T to blood A, and not more than 16% of the total conversion of blood A to blood T occurs in the splanchnic system. These values, as well as the values obtained by the same authors for the extraction of T and A, are very difficult to interpret because they are calculated from radioactive concentrations obtained from a peripheral vein. These data are not necessarily equal to the radioactive concentrations entering the splanchnic circulation, particularly if, as in dogs, T and A are extracted and interconverted peripherally and in the mesenteric area. Furthermore, when compared with the total interconversion, the splanchnic interconversion should be corrected by a factor, splanchnic blood flow over total cardiac output. When corrected for their respective blood flow, the liver, mesenteric area, kidneys, and posterior limbs are each responsible for less than 10% of the blood interconversion between T and A. In other words, more than 90% of the total interconversion occurs extrahepatically. The lung is by far the most important contributor to the blood interconversion of T and A in the dog, undoubtedly due primarily to its higher blood flow.
In all of the organs or areas studied, the interconversion between T and A inside the tissue was definitely higher than the corresponding interconversion across the tissue. Furthermore, the intratissue interconversion could be underestimated if the tissue extracts were contaminated by T and A present in the interstitial water. This means that part of the T or A formed from its precursor inside the cells is further metabolized and does not appear in the efferent vein. It is possible that this "cellular" compound has an important local metabolic effect before being metabolized, and this action would not be reflected in the plasma or blood concentration. The canine hepatic extraction of testosterone is higher than in humans (5, 9) , which is another possible explanation for the high testosterone metabolic clearance rate found in dogs. On the contrary, the hepatic extraction of androstenedione is lower in dogs than in the humans but it is possible that the value found in humans by Rivarola et al. (9) is overestimated for reasons already mentioned. The transhepatic extraction of T was tiot significantly lower than the extraction of T formed in the liver. Similar values calculated by Horton and Tait (5) , in the human, gave 60% for the maximal extraction of T across the liver and 98% for the extraction of T formed in the hepatic cells; however, the calculations used to evaluate the extraction of T formed in the liver could have been overestimated by the extrahepatic production of testosterone glucuronide (see below), by the conversion of A to T in the mesenteric area, and also by the extrasplanchnic metabolism of testosterone.
In the mesenteric area, the kidney, and the lung, the extraction of T and A formed within the cells was significantly higher than the extraction of T presented to the cells via its afferent blood supply. This could be explained by the possibility that the compound circulating in blood could not reach the cells due to a rapid flow rate or to protein binding, or it could mean that the compound made in the tissue from its precursor is metabolized differently from the preformed compound entering the tissue.
As already observed in humans (6), testosterone glucuronide is not uniquely derived from blood testosterone. Furthermore, testosterone glucuronide is not solely made in the liver but also in the mesenteric area and in the kidney, a finding which is in agreement with in vitro (17) and in vivo studies (35) . Inside the liver and the kidney, testosterone glucuronide does not seem to derive uniquely from tissue testosterone.
The important interconversion and extraction both inside and across the mesenteric area emphasizes the importance, at least in dogs, of comparing portal vein blood with hepatic vein blood during the study of the role of the liver in steroid metabolism.
In agreement with other studies (15, 16) , the canine renal tissue very actively metabolizes testosterone and androstenedione. In one human subject, Rivarola et al. (9) did not find any extraction and interconversion of T and A by the kidney.
It is impossible to conclude from our study whether some fraction of free and conjugated testosterone or free androstenedione, formed in the kidney, is directly secreted into the urine without equilibration with the corresponding blood compound. APPENDIX 1. The subsequent equations show the derivation of formulas used to calculate all tissue transfer constants. These mathematical formulas were derived using the kidney as a model (Fig. 1) ; this model can be applied to any other tissue.
From Fick's principle and assuming that testosterone is not formed in the renal tissue, the extraction of T across the kidney (KE) will be: KE-CTA -CTV:H PKK (3H/14C)TKC,,A^4C-c,&A (10) ( 1 1 
